Cell alignment and motility play a critical role in a variety of cell behaviors, including cytoskeleton reorganization, membrane-protein relocation, nuclear gene expression, and extracellular matrix remodeling. Direct current electric field (EF) in vitro can direct many types of cells to align vertically to EF vector. In this work, we investigated the effects of EF stimulation on rat adipose-tissue-derived stromal cells (ADSCs) in 2D-culture on plastic culture dishes and in 3D-culture on various scaffold materials, including collagen hydrogels, chitosan hydrogels and poly(L-lactic acid)/gelatin electrospinning fibers. Rat ADSCs were exposed to various physiological-strength EFs in a homemade EF-bioreactor. Changes of morphology and movements of cells affected by applied EFs were evaluated by time-lapse microphotography, and cell survival rates and intracellular calcium oscillations were also detected. Results showed that EF facilitated ADSC morphological changes, under 6 V/cm EF strength, and that ADSCs in 2D-culture aligned vertically to EF vector and kept a good cell survival rate. In 3D-culture, cell galvanotaxis responses were subject to the synergistic effect of applied EF and scaffold materials. Fast cell movement and intracellular calcium activities were observed in the cells of 3D-culture. We believe our research will provide some experimental references for the future study in cell galvanotaxis behaviors.
Introduction
Cell alignment and motility play a critical role in a variety of cell behaviors, including cytoskeleton reorganization, membrane protein relocation, nuclear gene expression, and extracellular matrix remodeling (Sun et al. , 2006 Li et al. 2014) . Cell alignment and motility also affect tissue regeneration and reparation, as well as modulates the mechanical properties of tissues, including tendons, skeleton, and cardiac muscles (Stock et al. 2013; Li et al. 2014) . Disturbed-cell orientation, clinically called myocardial disarray, is observed in hypertrophic cardiomyopathy (Sepp et al. 1996) , which may indicate importance of cell alignment clinically. Myocardial disarray is accompanied by disordered gap junction formation and is thought to be a cause of arrhythmia (Wolf et al. 2005) .
Various approaches have been developed to direct cell alignment in vitro, including mechanical loading, topographical patterning, surface chemical treatment, and electrical stimulation (Rajnicek et al. 2008; Li et al. 2014) . Direct current electric field (EF) in vitro can direct many cell types to align vertically to EF vector direction (Hammerick et al. 2010b) . The response time for cell alignment depends on EF strength. For instance, about 90% of endothelial progenitor cells aligned within 6 h when a higher strength field of 4 V/cm was applied, but when a lower-strength field of 1 V/cm was applied, only 5% cells aligned (Zhao et al. 2012) .
Although there are a lot of literature on electrical stimulation in 2D-cultured cells (Hammerick et al. 2010a; Pavesi et al. 2014) , little is known about the cellular response to external EF stimulation in 3D-culture Castells-Sala et al. 2012; Zhang et al. 2016) . Because in 3D-culture, the cells face more complex environments than in 2D-culture, cell movements are subject to the constraint of their microenvironment, including 3D structure of scaffold, material hardness, surface pattern, surface chemical groups and charges. Cellular microenvironment, coupled with the addition of electrical stimulation, affects cell adhesion and motility, and eventually regulates cell differentiation, metabolic activity, and cell-cell signaling. As there are many unknown fields in this topic, we investigated the effects of EF stimulation on adipose-tissue-derived stromal cells (ADSCs) in 2D-culture on plastic culture dishes and in 3D-culture on various scaffold materials, including collagen hydrogels, chitosan hydrogels and poly(L-lactic acid; PLLA)/gelatin electrospinning fibers. We paid attention to cellular responses under an external electrical stimulation and tried to discover the cellular mechanisms.
Adipose-tissue-derived stromal cells are a population of adult stem cells isolated from adipose tissues. Since they were first characterized by Zuk et al. (2001) in 2001, ADSCs have been extensively studied for their multiple differentiation potentials, including osteogenesis, adipogenesis, chondrogenesis, and cardiogenesis (Gimble et al. 2007; Gimble & Nuttall 2011; Konno et al. 2013; Dai et al. 2016; Wankhade et al. 2016) . ADSCs can be isolated easily with less invasive operation on donors through lipoaspiration under local anesthesia, and larger amounts of ADSCs can be obtained than those of bone-marrow-derived stem cells (Zhu et al. 2008) . ADSCs can be subcultured for more than 20 passages without losing their stem cell characteristics in the expression of reprogramming transcriptional factors (Oct4, Sox2, c-Myc, and Nanog; Tang et al. 2012) .
In this study, we investigated the direct current EF effects on ADSC orientation and motility in 2D-and 3D-cultures, rat ADSCs were exposed to various physiological-strength EFs in a homemade EF-bioreactor. Changes of morphology and movements of cells affected by applied EFs were evaluated by time-lapse microphotography, and cell survival rates and intracellular calcium oscillations were detected.
Materials and methods

Electrical field stimulation on 2D-cultures
The isolation method of primary ADSCs was described in our previous publication (Li et al. 2015; Yang et al. 2016) . Harvested ADSCs were seeded at a density of 1.0 9 10 4 cells/cm 2 on 0.1% gelatin-coated coverslips and placed into six-well tissue-culture plates (TCPs) and incubated at 37°C in a humid 5% CO 2 atmosphere for 24 h. Electrical stimulations were performed using homemade EF bioreactors, as described in our previous publication (Long et al. 2011) . After incubation, cell-seeded coverslips were taken out and mounted into the bioreactors. The culture medium [high-glucose Dulbecco's modified eagle medium [DMEM] (Hyclone, UT, USA), 10% fetal bovine serum (Invitrogen, CA, USA), and 100 units/mL penicillin/ 100 lg/mL streptomycin (Hyclone, UT, USA)] supplemented with 25 mmol/L HEPES (Sigma, MO, USA) was added into the pool of the bioreactor, which was placed on the platform of an inverted light microscope (CKX41, Olympus, Japan) and connected with a power source. Electric potential difference across the culture-medium chamber was measured at the beginning and end of each experiment. No fluctuation in EF strength was observed.
For the EF-stimulated group, various EF strengths (2, 4, 6, and 8 V/cm) were imposed on ADSCs, and stimulations lasted for 6 h. The control group was treated with the same procedure without EF stimulation. Time lapse images were recorded by a digital camera (MD50, Mingmei, China) at 5 min intervals. Images were analyzed through an image processing software (Image Pro Plus 6.0, IPP6, Media Cybernetics, MD, USA). After EF stimulation, cell coverslips were taken out of the bioreactors. A small part of coverslips were used immediately for cytoskeleton staining, whereas the rest of the coverslips were placed back in the sixwell TCPs and continuously cultured for another 2 h and then used in cell live/dead-staining assay.
Measurement of cellular orientation factors
Cell alignment was evaluated by measuring the cellular orientation factors with a modified method from literature (Sun et al. 2006) . The last frame of the image in each captured video mentioned above was analyzed through IPP6. About 30-60 cells were targeted and measured in each experiment. Cell orientation was determined by measuring the angle between the cellular long axis and EF vector. As cell orientation angle can range from À90°to +90°, hence, orientation factor (OF) lies between À1 and 1. For example, if the cell is parallel to the EF vector, then OF = 1. If cell is vertical to the EF vector, then OF = À1.
Cytoskeleton staining
The cytoskeleton of EF-treated ADSCs was characterized by rhodamine-phalloidin staining. Briefly, after EF stimulation, coverslips were rinsed thrice with ª 2017 Japanese Society of Developmental Biologists phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde for 30 min at a room temperature of approximately 25°C, and then rinsed again. Actin cytoskeletons of fixed cells were stained with 100 nmol/L rhodamine phalloidin (Cytoskeleton, CO, USA). Up to 1 lg/mL 4,6-diamidino-2-phenylindole (Sigma) was added to stain-cell nuclei. After incubating at room temperature in the dark for 30 min, samples were mounted over glass slides by using a drop of anti-fade mounting medium (Beyotime, China). The control group was treated with the same procedure. Images were captured using a fluorescence microscope (BX60, Olympus) with a video camera and analyzed through IPP6.
Live/dead-staining assay
After EF stimulation and 2 h extra cultivation, cell population viability on coverslips was assessed via live/dead-staining assay. Samples were washed in sterile PBS and incubated at 37°C for 30 min in a solution containing 4.0 lmol/L calcein-AM (Sigma) and 4.0 lmol/L propidium iodide (Sigma) in PBS. Cell nuclei were stained with Hoechst 33342 (Sigma). The control group was treated with the same procedure. After incubation, samples were washed again. Images were captured using an inverted fluorescent microscope (XDS30, Sunny, China) with a video camera. Ten high-magnification fields of each sample were selected randomly; the numbers of living cells (N Live ) and dead cells (N Dead ) were counted separately; and cell survival rate (P Live ) was calculated as follows:
Electrical field stimulation on 3D-cultures For collagen hydrogel. 2.0 mg/mL collagen Type I (Sigma) was dissolved in 0.1 mol/L acetic acid to obtain a stock solution. For collagen hydrogel fabrication, 1 9 10 6 cells were suspended in 360 lL high glucose DMEM, followed by addition of 600 lL collagen solution and 40 lL gel neutralisation solution that consists of 10 9 PBS and 0.1 mol/L NaOH. All procedures were conducted on ice and gently mixed to avoid air bubbles. An aliquot of 100 lL was taken from the mixture and placed evenly on a 9 9 18 mm coverslip, and incubated at 37°C. The sample was gelatinized within minutes. Culture medium was added after 1 h to allow full gelation. The 3D cell culture was further incubated for 24 h, subsequent procedures were the same as that in 2D EF stimulation. All the 3D cell samples for EF experiment in this study were exposed to a 6 V/cm EF for 6 h.
For chitosan hydrogel. Ultraviolet sterilized chitosan powder (degree of deacetylation is 93%, MW = 100 000-300 000, Kelong, Chengdu, China) was dissolved in 0.1 mol/L acetic acid to obtain 2.0% chitosan stock solution, A sterilized 50% b-glycerophosphate (b-GP, Sigma) solution was dropped into the stirring chitosan solution at a ratio of 1:9. The obtained solution was stirred for 10 min to gain homogeneous mixture. ADSCs were resuspended with the chitosan/ GP mixture to achieve a density of 1 9 10 6 cells/mL and aliquot of 100 lL cell-loaded solution was inoculated on a 9 9 18 mm coverslip. All procedures were conducted on ice to maintain a liquid state before gelation. Gelation was initiated by incubation of the inoculated coverslip at 37°C for 30 min, then supplemented with culture medium and incubated for 24 h before it was used for EF experiment.
For electrospinning PLLA/gelatin fibers. PLLA (Sigma) was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (Fluorochem, UK), and gelatin (Sigma) was dissolved in trifluoroethanol (Fluorochem, UK) to obtain 10% (w/w) solution, respectively. Samples for electrospinning were prepared by mixing both solutions at a mass ratio of 1:1. The electrospinning solution was loaded into a 10 mL standard syringe attached to 18 G blunted stainless steel needle (Becton Dickinson, USA) using a syringe pump (LSP02-1B, LongerPump, Hebei, China). The syringe needle tip was connected to the positive output of a high voltage power supply (DW-P503-1ACDF, Dongwen, Tianjin, China). A pair of parallel stainless-steel rods served as collectors to obtain aligned fibers. The distance between the needle tip and collector was maintained at 15 cm, and the voltage was set at 12 kV and flow rate was at 1 mL/h. After electrospinning, the aligned fibers were harvested through adhering fibers on a coverslip and kept under vacuum for a week. The fiber-covered coverslip was washed thrice with PBS and inoculated with ADSCs at density of 1 9 10 6 cells/mL. The cells were allowed to adhere to the fibers for 24 h before mounting the fibers/coverslip on EF chamber with fiber direction vertically or horizontally to EF vector. Samples were subsequently exposed to a 6 V/cm EF for 6 h. Images were recorded from a digital camera (MD50) attached to an inverted light microscope (CKX41, Olympus or IBE2000, COIC, China).
Detection of intracellular Ca 2+ transient
Intracellular Ca 2+ transient measurement using a Fura-3-AM fluorescence dye was performed with the ª 2017 Japanese Society of Developmental Biologists method described elsewhere (Hammerick et al. 2010b; Huang et al. 2010 ). Briefly, above-mentioned 2D and 3D cell samples were washed with measurement solution (130 mmol/L NaCl, 5 mmol/L KCl, 1 mmol/L MgCl 2 , and 15 mmol/L Hepes, pH = 7.4) and incubated with 5 lmol/L Fura-3-AM at 37°C for 30 min. Following Fura-3-AM loading, the sample was placed into a EF bioreactor mounted on a fluorescent microscope and left undisturbed for 10 min. Fluorescent images were collected at 10 s intervals for 5 min prior to, during, and after applying an EF to the cells. All experiments were performed at room temperature of approximately 25°C.
Statistical analysis
Data are presented as mean AE SD. Statistical analyses were performed with SPSS software (version 14.0). Statistical significance was evaluated using oneway ANOVA with least significant difference test. A value of P < 0.05 was considered statistically significant.
Results
Cell alignment directed by EF stimulation in 2D-culture
Adipose-tissue-derived stromal cells morphological changes directed by various EF strengths were recorded by time-lapsed microphotography. Representative images captured at 30 min intervals are shown in Figure 1 . At the beginning of 6 V/cm EF stimulation, most cells exhibited polygonal-shape, and were oriented randomly (Fig. 1A) . After being exposed to an EF, cell pseudopodia began contracting along the EF vector direction and extending along the direction perpendicular to the EF vector. Cell morphology gradually changed from polygonal shape to elongated spindle shape. After 5.5 h of EF treatment, majority of ADSCs were aligned to the direction perpendicular to the EF vector (Fig. 1L ). Some cells kept normal cell division and proliferation under electrical stimulation (Fig. 1G) ; their viabilities demonstrated that an EF strength of 6 V/cm is within the range of physiological intensity. Meanwhile, some cells kept their cell orientation unchanged in spite of the EF stimulation. These cells may be considered as some of the miscellaneous cells in ADSCs, such as macrophages, which are not easily affected by the applied EF because of their strongly adherent ability to the culture surface.
The ADSC response to direct current electrical stimulation is related to EF strength. Higher EF strength directs faster cell response and speeds up cell alignment perpendicular to the EF vector. Figure 2A shows the voltage-dependent cell reorientation at varying strengths of electrical stimulation. After 8 V/cm EF stimulation for 6 h, the orientation factor (OF) value of ADSCs is À0.94 AE 0.02, and the value increases to À0.81 AE 0.05 when EF strength decreases to 6 V/cm. Both OF values indicate that the vast majority of cells have aligned to the direction vertical to the EF vector. When the EF strength is reduced to 4 V/cm, the OF value changes to À0.40 AE 0.04. Further decreasing the strength to 2 V/cm, the OF value increases to À0.12 AE 0.03, indicating that most of the cells are randomly arranged. The results showed that low EF strength (≤4 V/cm) is not enough to guide cell reorientation perpendicular to the EF vector during the 6 h experiment. The OF value of the control group is almost zero, which indicates that the cells are in a state of random orientation because of the absence of EF stimulation.
Cytoskeleton rearrangement directed by EF stimulation in 2D-culture
Cytoskeleton rearrangement is the prerequisite for cell movement, which is related to polymerization and depolymerization of actin filaments and retraction and extension of cellular pseudopods. To uncover the influence of EF on the cytoskeleton, actin filaments of fixed ADSCs in 2D-culture were stained with rhodamine phalloidin. Figure 3A ,B show the actin filament distribution in ADSCs treated with or without EF stimulation. The results showed that actin filaments in the control group were randomly oriented. The area occupied by a single cell was large. Gaps between the aligned actin filaments were narrow, and the cells appeared in a slender shape. The results indicate that electrical stimulation can lead to a significant reorganization of the cytoskeleton in ADSCs.
Cell viability in 2D-culture after EF stimulation
Although a few cells in Figure 1 exhibited cell division and proliferation activities even under EF stimulation, the viability rate of all cells should be tested in order to evaluate the role of the EF stimulation. Therefore, we used live/dead cell staining-assay to visualize the cell viability of ADSCs after being exposed to a 6 V/cm EF for 6 h. Non-stimulated ADSCs were used as a control. The results showed that the cytoplasm of almost all the cells in the control group have been stained in green, indicating that these cells are alive and growing well, shown as Figure 3C . Conversely, in the EF-treated group, few cell nuclei were stained in red, which indicates the dead cells. Moreover, cellular pseudopods of most aligned cells exhibited slender and ª 2017 Japanese Society of Developmental Biologists stretched shapes (Fig. 3D) . These findings demonstrated that although significant morphological changes have occurred in the cells exposed to EF in our experiment design, a good cell viability can be guaranteed.
The statistical results of cell viability are shown in Figure 2B . The survival rate of cells is inversely proportional to the intensity of applied EF, and over 80% of cells survived in the experiment groups with EF strength not higher than 6 V/cm. In the groups exposed to 8 V/cm EF, although they exhibited a relatively high degree of alignment, their cell survival rate is 72.87 AE 2.35%. Hence, double effects of EF strength on cells should be considered before selecting the , and 8 V/cm) for 6 h. Non-stimulated cells were served as a control group. **P < 0.01 compared with the control group. (B) ADSC viability rate after being exposed to various EF strengths for 6 h. Non-stimulated cells served as a control group. *P < 0.05, **P < 0.01 compared with the control group.
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Cell alignment in 3D-collagen hydrogel
In 3D collagen hydrogel, ADSCs showed a rich 3D morphology, their lamellipodia were less planar and smooth, but more three-dimensional and rugged. Under an EF stimulation, the ADSCs had more remarkable lamellipodia extending further away from their cell body towards the cathode. Figure 4 shows images of the cell shape and orientation of ADSCs in collagen hydrogel after exposure to a 6 V/cm electrical stimulation. The cells orientated perpendicularly to the EF vector in a similar fashion to that in 2D-culture but with more rapidly extended and retracted lamellipodia. For about 2.5 h, obvious cell alignment can be observed. Meanwhile, a small fraction (<8%) of ADSCs resisted morphological changes and the original cell orientation even applied electrical stimulation.
Cell movement in 3D-chitosan hydrogel
In 3D chitosan hydrogel, ADSCs appeared just like many tennis balls embedded in the mud, and their lamellipodia were no longer spreading out but presented a lot of lumps. Before being exposed to an EF, cells seeded on chitosan hydrogel showed no obvious movement. When applied with a 6 V/cm external EF, most cells embedded in hydrogel began to move. However, their movement did not contribute to an orderly arrangement (Fig. 4G-L) . Under the observation plane of a microscope, we found many cells were doing a periodic cycle movement. By changing the observation plane, we could observe that the cell movement was all directional, but the cells were confined in a narrow space. It seems that the cells were trying to align with the vertical direction of EF, but they cannot break away from the shackles of chitosan hydrogel, at last, they can only make a futile struggle. It is worth noting that a few cells had a faster motility than others, continuous movement of their lamellipodia could be easily observed under an inverted phase contrast microscope ( Fig. 5 and Video S1). This phenomenon reminds us that the cells with fast mobility should have a better electroresponse ability and may also have a better differentiation potential benefiting the stem cell researches in the field of tissue engineering.
Cell movement in aligned electrospinning fibers
In the 3D culture of electrospinning scaffolds, ADSCs appeared as a slender shape and adhered closely to the PLLA/gelatin fibers. Before being exposed to an ª 2017 Japanese Society of Developmental Biologists EF, most of the cells migrated along the direction of fiber trend. Once an external EF stimulus was applied, the cell movement was not only confined by the fiber trend, but also subjected to the domination of the external EF. When the scaffold fiber orientation was perpendicular to the EF vector, ADSCs maintained their slender shape and moved freely along the fiber surface ( Fig. 6A-F) . When fiber orientation was in consist with EF vector, cells began to contract in the direction of EF and tried to extrude along the direction perpendicular to the EF vector. However, most of cells could not cross over the gaps between the fibers, finally, the cell morphology turn to a ball-shape, shown as Figure 6G -L. Cells seeded in collagen hydrogel contracted in the direction of EF, followed by cell elongation and reorientation perpendicular to the EF vector after application of a 6 V/cm EF for 2.5 h. (G-L) Cells seeded in chitosan hydrogel maintained round shape but fast motility after application of a 6 V/cm EF for 25 min. The white arrow indicates the direction of electric field vector and the black arrow indicated the cells with fast motility. The white box denotes an area will be described in detail in next figure. Scale bar = 100 lm.
ª 2017 Japanese Society of Developmental Biologists
Calcium imaging
To study the galvanotaxis mechanisms of ADSCs, we investigated the role of intracellular calcium ion as an ubiquitous second messenger. Figure 7A shows the Ca 2+ fluorescence image of ADSCs in a collagen hydrogel before they were exposed to an EF. After initiation of EF stimulation, the average intensity of Ca 2+ fluorescence did not change significantly, but we found that there were some cells responding to the electrical stimulation with Ca 2+ oscillation events, which lasted a minimum of 3-5 s up to 40 s during the EF exposure (Fig. 7B-C and Video S2). Most of the responses began within 30 s after initiation of EF stimulation and persisted blinking <1 min after EF termination. About 15% of the cells responded to the EF with at least one calcium event and a few cells had multiple events over the duration of EF stimulation. Similar phenomena also occurred in the cells embedded in chitosan hydrogels and PLLA/gelatin elctrospinning fibers. Although there were no significant differences in the average intensity of Ca 2+ fluorescence when we switched on and off an applied EF in all samples of 3D-cultures, a few cells cultured in chitosan hydrogels exhibited more persistent calcium oscillation waves, which persisted blinking for 2-3 min after we switched off the EF.
Discussion
The purpose of this study was to characterize the effects of direct-current EFs on the ADSCs encapsulated in various scaffold materials, including hydrogels and electrospinning fibers. In order to verify the effectiveness of the electrical stimulation device and the experimental method, we first performed the EF experiment in the cells cultured on 2D substrates, and compared the experimental results with the existing literature. Our experiments showed that, under the action of a certain EF strength, ADSCs on 2D Fig. 5 . Fast cell movement in chitosan/adipose-tissue-derived stromal cells (ADSCs) hydrogel exposed to an 6 V/cm electric field (EF) stimulation. The pictures (A-P) were extracted from a video that recorded the cell activities in a specific area indicated in the white box of Fig. 4G .
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In the experiments, we found ADSC alignment was related to the EF strength, ADSCs aligned along the direction perpendicular to the EF vector under 6 V/cm EF and maintained good cell survival rate. When EF strength increased to 8 V/cm, the OF value increased correlatively, but a significant decrease of cell survival rate was found. Hence, 8 V/cm stimulation may not be appropriate for ADSCs. In contrast, the EF strength of 6 V/cm is much closer to the physiological EF strength. Our experimental results are in agreement with the literature (Hammerick et al. 2010b ). Many ª 2017 Japanese Society of Developmental Biologists studies have confirmed that a 50 lm of mammalian corneal epithelium exhibits approximately 25 mV transepithelial potential difference across (Hammerick et al. 2010b; Zhao et al. 2011 Zhao et al. , 2015 , which corresponds to an EF strength of about 5 V/cm in vitro. Wounding the corneal epithelium disrupts tight junctions among the cells that normally help maintain the potential difference. Na + and K + flow into the wound from the surrounding tissue. These ion movements generate an endogenous EF of approximately 42 mV/mm between the wound edge and 0.25 mm from the wound edge. Fields of this magnitude can direct corneal epithelial cell orientation and migration, enhancing corneal epithelial wound healing. Over 10 kinds of cells, including corneal epithelial, lens epithelial, vascular endothelium, nerve, mesenchymal cells as well as keratinocytes, osteoblasts and fibroblasts, show galvanotaxis through directional migration movements toward the EF cathode and vertical alignment to the EF vector (Hammerick et al. 2010b; Zhao et al. 2011 Zhao et al. , 2015 . Although the result of 2D experiments did not elicit any new cellular phenomena, it was helpful to verify the effectiveness of our electrical stimulation method and the galvanotaxis of ADSCs. At the same time, it also provided a reference for the 3D cell experiments.
Currently, very little is known about the cellular response to external EF stimulation in 3D-culture. found that 3D cell movement of human fibroblast was regulated by both electrical stimulus and collagen concentration. A small external EF (0.1 V/cm) was able to induce 3D cell migration . Furthermore, they found that 3D cell movement was also related to the cell type. Rat fibroblasts seeded on 3D collagen gel re-orientated perpendicularly to the EF vector after application of 7 V/cm for 30 min, but rat mesenchymal stem cells (MSCs) resisted reorientation after applying the same electrical stimulus for 30 min.
By raising electrical stimulation to 10 V/cm, they found the result was still the same. By using a multiphoton microscopy, they found that rat MSCs exhibited much stronger 3D adhesion on collagen fibers than fibroblasts did. In our experiments, ADSCs seeded on collagen hydrogel did not appear obvious cell reorientation after 6 V/cm EF stimulus for 30 min. With the prolongation of the electrical stimulation, the cells exhibited a directional rearrangement as that in the 2D-culture. Therefore, we believe that cellular reorientation depends on both cell type and electrical stimulation time. Simply increasing the EF intensity could not speed up the cellular alignment.
In recent years, the thermosensitive chitosan-based hydrogel has become a research hotspot of injectable hydrogels. The advantage of thermosensitive chitosan hydrogel is that it can be mixed with cells or drugs in a form of aqueous solution, and then injected into the body. Sol-gel transition is performed at physiological pH and temperature conditions. Chitosan is a polysaccharide derived from the deacetylation of chitin, the main structural component of crustacean exoskeletons. Chitosan has been used as a cell scaffold because of its intrinsic antibacterial activity, woundhealing properties, and low immunogenicity. Beta-glycerophosphate (b-GP) has been used as a catalyst to cause a sol-gel transition in chitosan solutions at physiological pH and temperature (Wang & Stegemann 2010) . To our knowledge, there is no report in publications about the application of chitosan hydrogel to the cell electrical stimulation.
In our experiments, we found that cell adhesion in 3D chitosan hydrogel was poor, cellular lamellipodia were no longer spreading out like they did in 2D collagen gel. This situation is consistent with the results reported in the literature. In Wang and Stegemann's study (Wang & Stegemann 2010) , they ecapsulated human bone marrow-derived stem cells in chitosan ª 2017 Japanese Society of Developmental Biologists hydrogel for 12 days, they found that the cells still maintained round shape with poor proliferation ability. Although the cell spreading was not good in our experiment, the embedded ADSCs exhibited a stronger sensitivity to external EF stimulus. Obvious cell movements could be easily observed under a microscope. Normally, except in the beating cardiomyocytes, cell movement of most adherent mammalian cells cannot be observed directly. Common solution for observation of the cell movement is to take pictures via time-lapse microphotography and then playback in animation mode. Our findings suggest both chitosan hydrogel and electrical stimulation can promote cell motility, we believe that it will be an interesting research topic in study of whether the cells with fast motility have the characteristics of cardiomyocytes. If the result is positive, there will be a new way for stem cell differentiation into cardiac cells. Electrospinning is an effective method for creating biomimetic nonwoven scaffolds composed of a large network of interconnected fibers and pores. This high porosity allows efficient exchange of nutrients and metabolic waste between the scaffold and its environment and provides a high surface area for local and sustained delivery of biochemical signals to seeded cells (Kai et al. 2013) . To date, electrospinning has been used for fabricating scaffolds from many biodegradable polymers and natural proteins (Binan et al. 2014; Pereira et al. 2014) . PLLA is used as a scaffold for tissue engineering not only because of similar mechanical properties to the target tissue but also for its good biological interactions with host cells. However, PLLA-derived scaffolds lack cell recognition signals, and the hydrophobic nature of PLLA hinders cell seeding. Gelatin, which is derived from collagen, offers special qualities, such as biocompatibility, biodegradability, and non-immunogenicity. However, pure gelatin electrospun membranes have poor mechanical properties, which cannot meet the requirements for transplant surgery suture. Therefore, the use of composite scaffolds of natural materials and biodegradable polymers for tissue engineering has been a research focus in recent years (Mattii et al. 2008; Binan et al. 2014) .
Our experiments have shown that cell movement was controlled by the external EF, and was also subject to the direction of aligned PLLA/gelatin elctrospinning fibers. When fiber orientation was perpendicular to the EF vector, ADSCs moved freely along the fibers. When fiber orientation was consistent with EF, cells began contracting to a round shape and forced to move in a narrow place. However, they cannot cross over the gaps between fibers. Understanding the synergistic effects of EF and fiber alignment on cell behavior may be useful in tissue engineering, such as repairing the damaged tendon, since highly ordered alignment is a prerequisite for normal tendon function. Using this synergistic effect can facilitate cell migration and infiltration, and promoted tissue repair.
Cellular calcium activities are known to be involved in cytoskeleton rearrangement and cellular directional migration. So we investigated intracellular calcium changes to investigate the galvanotaxis mechanism of ADSCs. Electric fields alter ionic currents and ion distribution in the extracellular space, altered membrane potential may regulate intracellular calcium ions concentration and lead to an aggregation of intracellular calcium ions at the EF cathode, which brings about unsymmetrical electric charge distribution and leads to cytoskeleton rearrangement, next it will cause changes in the cell morphology and reorientation in signaling pathways. Calcium ion flow through the cell membrane is regulated by calcium channels and can finally reach a new dynamic balance, leading to pseudopodia rearranging vertically to the EF vector.
To visualize intracellular calcium activities, a fluorescence microscopy recording calcium oscillation was employed in this study. Our studies showed there were no immediate and significant differences in the average intensity of Ca 2+ fluorescence when switched on and off the EF in the samples of 3D-culture. However, about 15% of the cells in 3D collagen responded to the EF with at least one calcium event and a few of cells had multiple events over the duration of the EF stimulation. Moreover, a few cells in chitosan hydrogel showed a more persistent calcium oscillation wave, which persisted 2-3 min even after switch off the EF. This phenomenon may be related to high motility of these cells when exposed to an EF. Given that we have observed some phenomena of intracellular calcium activities in the samples of 3D-culture, we believe that the results will be a useful reference to the study of stem cell differentiation under EF stimulation. However, the intrinsic mechanism of cell galvanotaxis remains to be further studied. Moreover, specific molecular mechanisms that are involved in regulation of ADSC adhesion and orientation in response to the external electrical stimulus also remain to be identified.
In summary, EF stimulation facilitates ADSC morphological changes. Under an appropriate EF strength, ADSCs in 2D culture aligned vertically to EF vector and kept good cell survival rate. In 3D-culture, cellular galvanotaxis responses were subject to the synergistic effect of applied EF and scaffold materials. Fast cell movement and intracellular calcium activities were observed from the cells in 3D-culture. Our research will provide a useful reference for the future study in cell galvanotaxis behaviors.
